Conventional insecticide assays, which measure the effects of insecticide exposure on short-term mortality, overlook important traits, including persistence of toxicity or sub-lethal effects. Therefore, such approaches are especially inadequate for prediction of the overall impact of insecticides on beneficial arthropods. In this study, the side effects of four modern insecticides (chlorantraniliprole, emamectin benzoate, spinosad, and spirotetramat) on Adalia bipunctata (L.) (Coleoptera: Coccinellidae) were evaluated under laboratory conditions by exposition on treated potted plants. In addition to investigation of acute toxicity and persistence of harmful activity in both larvae and adults of A. bipunctata, demographic parameters were evaluated, to provide a comprehensive picture of the nontarget effects of these products. Field doses of the four insecticides caused detrimental effects to A. bipunctata; but in different ways. Overall, spinosad showed the best toxicological profile among the products tested. Emamectin benzoate could be considered a low-risk insecticide, but had high persistence. Chlorantraniliprole exhibited lethal effects on early instar larvae and adults, along with a long-lasting activity, instead spirotetramat showed a low impact on larval and adult mortality and can be considered a short-lived insecticide. However, demographic analysis demonstrated that chlorantraniliprole and spirotetramat caused sub-lethal effects. Our findings highlight that sole assessment of mortality can lead to underestimation of the full impact of pesticides on nontarget insects. Demographic analysis was demonstrated to be a sensitive method for detection of the sub-lethal effects of insecticides on A. bipunctata, and this approach should be considered for evaluation of insecticide selectivity.
In the context of sustainable agriculture, plant protection strategies should be compatible with beneficial arthropods, which provide important ecosystem services, including pest control (Horne et al. 2008 ). The conservation of natural enemies within agroecosystems is considered important in Integrated Pest Management (IPM) (Flint and van den Bosch 1981 , van Lenteren 1988 , Desneux et al. 2007 , Gentz et al. 2010 , Guedes et al. 2016 ). IPM programs have been developed to manage agricultural pests using biological control agents in combination with insecticides, which have no, or low, effects on nontarget insects (Gentz et al. 2010) . The adverse impact of insecticides on beneficial species can be mitigated through the choice of active ingredient, dosage, or timing of application (Galvan et al. 2005a ). The combined use of selective products and natural enemies in IPM programs can provide very effective pest management (Croft 1990 , Koss et al. 2005 , Desneux et al. 2007 , Dinter et al. 2008 , Biondi et al. 2012 ). Nevertheless, the impact of many recently developed insecticides on beneficial arthropods remains poorly understood. Conventional tests that measure the effects of exposure on mortality of nontarget species can detect harmful effects; however, they are inadequate for prediction of the overall impact of insecticides on beneficial populations (Stark and Banks 2003) , given the possibility for multiple potential sub-lethal effects on individual organisms (Desneux et al. 2007) .
Insecticides that do not have lethal effects on beneficial species may still affect biological parameters, including development time, fecundity, fertility, and sex ratio (Desneux et al. 2007 ). Overlooking these sub-lethal effects may lead to underestimation of the negative impacts of insecticides on natural enemy populations (Galvan et al. 2005a , Desneux et al. 2007 , Stark et al. 2007 , Biondi et al. 2012 . Toxicological analysis using a demographic approach is considered to provide an accurate assessment of overall impacts because, unlike traditional acute dose/response studies, it accounts for both lethal and sub-lethal effects (Stark and Banks 2003) . Demographic approaches such as life tables can be used to evaluate the total effect of a chemical on a population, providing an improved estimate of the potential impacts on beneficial species (Rezaei et al. 2007 , Stark et al. 2007 . The demographic approach also appears to be suitable for assessment of the long-term effects of pesticides, which can be triggered by sub-lethal toxicity.
Many ladybird beetles (Coleoptera: Coccinellidae) are important natural enemies of several pest species, including aphids, whitefly, mealybugs, scales, and mites; however, insecticides and fungicides can reduce their populations (Obrycki and Kring 1998, Hodek et al. 2012) . Coccinellids can be exposed to insecticides and contaminated during pesticide applications by direct contact with pesticide residues and by consuming prey exposed to insecticides (Papachristos and Milonas 2008, Michaud 2012) . The two-spot ladybird Adalia bipunctata (L.) (Coleoptera: Coccinellidae) is a holartic polyphagous predator (Hodek 1973 , Elliott et al. 1996 . This species feeds mainly on aphids but also exploits other arthropods and pollen (Hodek and Honek 1996) . A. bipunctata is considered a biological control agent in different crops (Majerus 1994 , Hodek and Honek 1996 , Omkar and Pervez 2005 and, since 1999, has been commercialized in Europe for augmentative biological control of aphids (De Clercq et al. 2005 , van Lenteren 2012 . In Mediterranean areas, this species occurs mainly on trees and shrubs , whereas in central Europe it is found also on herbaceous plants including cereals (Hodek et al. 2012 , Honek et al. 2014 . In some Mediterranean countries A. bipunctata is a dominant coccinellid species in apple, pear, and peach orchards , Hodek et al. 2012 ).
This study aimed to provide a comprehensive picture of the effects of four modern insecticides, chlorantraniliprole, emamectin benzoate, spinosad, and spirotetramat, on A. bipunctata. These insecticides are widely recommended in IPM programs in peach orchards against several pests (e.g., aphids and Lepidoptera) in Europe, since the approval of the EU directive 2009/128/EC on the sustainable use of pesticides. Acute mortality and persistence of harmful activity were tested after short and long exposures of both adults and larvae to these insecticides using laboratory assays. Sub-lethal effects were also evaluated and the results of the demographic approach compared with those obtained using individual level measurements.
Materials and Methods

Insects
All A. bipunctata individuals were obtained from a laboratory colony established in 2010 at the Department of Agricultural Sciences (University of Bologna). Every year field-collected specimens were introduced into the colony to maintain genetic diversity. Ladybird beetles were reared in plexiglas cages (40 × 30 × 50 cm) at 25 ± 1°C, 60-80% RH, and a photoperiod of 16:8 (L:D) h; these conditions were used for all assays. Adults and larvae were provided with aphids from a colony of Myzus persicae Sulzer (Hemiptera: Aphididae) twice per week. Other details about the rearing of A. bipunctata were described by Lanzoni et al. (2004) 
Insecticides
Two independent experiments were carried out. In each experiment, two insecticides were tested: experiment 1 compared chlorantraniliprole (Coragen) and emamectin benzoate (Affirm); experiment 2 compared spinosad (Laser) and spirotetramat (Movento). In each trial, insecticides were compared with a control treatment (tap water). All the insecticides were used at the maximum field recommended concentration (MFRC) for stone fruits (Table 1) .
Depending on the trial, a total of 15 or 60 potted peach plants (GF-677 rootstock, approximately 30 cm high) were sprayed outdoors using a hand sprayer up to drip, and allowed to dry completely before trials. Control plants were sprayed with tap water. These plants were used in the following procedures.
Mortality After Short and Long Exposures
Experiments to assess acute toxicity (expressed as percentage mortality) were carried out on third instar larvae and newly emerged (<24 h old) adults (mixture of females and males). One treated plant was placed in a plexiglas cylinder (diameter 8 cm, height 33 cm), sealed with a fine net on the top, and with a hole (8 cm diameter), closed with a fine net, on its base to allow air circulation and avoid mold growth. Fifteen larvae or adults of A. bipunctata were placed in the cylinder and fed ad libitum with frozen eggs of Ephestia kuehniella Zeller (Lepidoptera: Pyralidae). The E. kuehniella eggs were purchased from a biofactory (Bioplanet, Cesena, Italy) The eggs were glued to a strip of tissue paper (20 × 2 cm) using a mixture of honey and water (50% v/v) and hung on the treated plant. The strip was refreshed every 2 d. This experimental unit represented a single replicate and five replicates were carried out per treatment following a complete randomized design. Mortality of both larvae and adults was checked after short (2 d), and long (7 d for adults and 10 d for larvae) exposure times.
Persistence of Harmful Activity After Short and Long Exposures
The lasting of harmful effects of insecticides were determined by placing first and second instar A. bipunctata larvae on treated plants 1, 5, 15, and 30 days after treatment (DAT). Care was taken to ensure that the proportions of first and second instar larvae were similar across all treatments. A total of 60 plants were treated in early June (day 0) and left to weather under simulated field conditions in a greenhouse (temperature range 19-29°C; RH range 55-85%; 44°30′55″N, 11°24′21″E) until use. At each DAT interval, 12 larvae were transferred onto treated plants in plexiglas cylinders (as described above). Mortality was checked after 2 and 10 days' exposure. Five replicates were carried out per treatment for each DAT interval. Frozen eggs of E. kuehniella were provided ad libitum to larvae, as described in the previous section, during the whole period they were maintained in cylinders. 
Bioassays of Sub-lethal Effects
The sub-lethal effects of insecticides were evaluated by exposing newly emerged A. bipunctata adults to treated plants for 2 d in plexiglas cylinders, as previously described. After exposure, the cylinders were opened and mortality checked. Moreover, the sex of the survived specimens was determined following Hodek and Honek (1996) . Fifteen surviving females per treatment were isolated, together with an untreated male taken from the colony, in a 100 ml plastic can, equipped with a piece of bubble wrap as oviposition substrate and provided with M. persicae daily (ad libitum). The survival of each female was checked daily, and the fecundity recorded by counting the number of eggs laid by each female daily until death. All eggs laid by each female were collected and the number of hatched larvae checked every day to evaluate fertility. To prevent cannibalism, newly hatched larvae were provided with frozen E. kuehniella eggs.
A sample of 60 larvae was randomly collected from each treatment. To evaluate larval mortality, larvae were individually reared on M. persicae until adult emergence. Development time, and sex ratio (♀/(♂+♀)) of the offspring generated by the exposed adult females were also determined.
Data Analysis
Mortality After Short and Long Exposures
One way analysis of variance (ANOVA) was conducted on arcsine transformed larvae and adult mortality data. Where significant differences were detected by ANOVA, means were separated by Tukey's HSD test (P < 0.05). Abbott corrected mortalities (Abbott 1925) were used to rank insecticides according to the IOBC classification for laboratory trials: 1 = harmless (<30%), 2 = slightly harmful (30-79%), 3 = moderately harmful (80-99%), 4 = harmful (>99%) (Sterk et al. 1999) .
Bioassays of Persistence of Harmful Activity
Data were arcsine transformed and, separately for each experiment, analyzed using a factorial ANOVA, considering treatment (T; two insecticides and control) and DAT (1, 5, 15, and 30 DAT) as main factors. Data analyses were performed separately for short and long exposure times after 2 and 10 d, respectively. Abbott's formula was applied to correct mortality and, on the basis of the persistence of lethal effect (i.e., harmless = IOBC category 1), the insecticides were classified according to the IOBC classification: A = short lived (<5 d), B = slightly persistent (5-15 d), C = moderately persistent (16-30 d), D = persistent (>30 d) (Sterk et al. 1999) .
Bioassay of Sub-lethal effects
Data were analyzed using one-way ANOVA with Tukey's HSD test (P < 0.05). Data which violated ANOVA assumptions (homoscedasticity or normality) were analyzed by Kruskal-Wallis test, followed by nonparametric multiple comparison test (Dunn test, P < 0.05).
Mortality and life history data from the sub-lethal bioassay were used to calculate a Reduction Coefficient, E, for each insecticide, using the following formula (Planes et al. 2013) : 
where the reduction values (RV) represent the percentage reduction of the different parameters considered, relative to the control. RV values were calculated according to the Abbott formula (Abbott 1925 ) when significant differences were identified (P < 0.05), otherwise, RVs of 1 were assigned.
On the basis of the E value obtained, each insecticide was classified using the IOBC classification criteria for pesticide risk assessment in the laboratory: 1 = harmless (<30%), 2 = slightly harmful (30-79%), 3 = moderately harmful (80-99%), 4 = harmful (>99%) (Sterk et al. 1999) .
Data on immature development and survival, sex-ratio of emerged adults, and daily schedules of adult mortality and fecundity, were used to calculate the age-specific survival rate (l x ) and age-specific fecundity (m x ). The life table parameters were calculated following Carey (1993) : Gross reproductive rate (GRR),
Finite rate of increase,
The precise value of the intrinsic rate of increase (r m ) was estimated iteratively by solving the Euler equation:
The jackknife re-sampling technique was used to calculate the mean and standard error associated with population parameters (Maia et al. 2000) . Differences in survival time of adult coccinellids according to insecticide were analyzed by the Kaplan-Meier method, taking into account all the adults exposed for the assessment of sub-lethal effects. A number of newly emerged adults that survived 2 d exposure to insecticide were not used for the evaluation of fertility and fecundity and therefore not followed until death. These individuals, which were removed from the experiments immediately after the opening of the cylinders, were accounted as censored data at 2 DAT. Ladybird beetles that did not survive the treatments were considered as dead at 2 DAT. Survival curves were also calculated for a subsample of the offspring of the 15 adult females included in the assessment of sub-lethal effects, by following 60 randomly selected neonate larvae per treatment for the entire immature development. The log-rank test and the Holm-Sidak multiple comparison procedure were used to identify significant differences (P < 0.05) among survival curves. Statistical analyses were performed using STATISTICA software version 10 (StatSoft Inc.) and SigmaPlot 12.5 (Systat Software Inc.).
Results
Mortality After Short and Long Exposure to Insecticides
In comparison with control, chlorantraniliprole increased adult mortality after 2-and 7-d exposures; however, it did not cause significant larval mortality. Emamectin benzoate was significantly toxic both to adults and larvae only after the long exposure time. Spinosad increased the mortality of larvae after 10 d of exposure, but had no detrimental effect on adults after either 2 or 7 d. No significant mortality of either larvae or adults was detected for Spirotetramat (Table 2) .
According to IOBC classification, these levels of mortality would mean that chlorantraniliprole was ranked slightly harmful to adults after 7 d of exposure. Emamectin benzoate was slightly harmful to larvae after 10 d of exposure. Spinosad and spirotetramat were classified as harmless to both stages after all exposure durations ( Table 2 ).
Bioassays of Persistence of Harmful Activity
For chlorantraniliprole and emamectin benzoate, factorial ANOVA revealed significant effects of treatment and DAT after both exposure intervals; interaction between the factors was significant only when A. bipunctata larvae were scored after 2 d of exposure (Table 3) . In contrast, spinosad and spirotetramat had significant effects only after 10 d of exposure, mortality was independent of DAT for both exposure intervals, and a significant interaction of treatment with DAT was detected only after 2 d of exposure.
Chlorantraniliprole significantly increased the mortality of first and second instar larvae until 30 DAT after both short and long exposures; therefore, it was rated as a persistent insecticide (category D) (Tables 4 and 5). After 10 d of exposure, emamectin benzoate caused significant mortality at all DATs (Table 5) , while the mortality after 2 d of exposure was significantly higher than that of the control only at 1 DAT (Table 4 ). Emamectin benzoate was thus classified as slightly persistent (category B) when mortality was scored after 2 d (Table 4 ) and persistent when scored after 10 d (Table 5 ).
If mortality was assessed after 2 d of exposure, both spinosad and spirotetramat were rated as short-lived insecticides (category A); nevertheless, the mortality caused by spinosad at 1 DAT was significantly higher than of the control group (Table 4 ). After 10 d of exposure, spinosad was rated as slightly persistent (category B) ( Table 5 ). After 10 d of exposure, spirotetramat caused higher mortality than that observed in the control; however, according to the IOBC, it is rated as a short-lived insecticide (category A).
Bioassay of Sub-lethal Effects
Only chlorantraniliprole significantly reduced the survival of adults, primarily due to high mortality in the first 10 d after exposure (Fig. 1) . The remaining insecticides did not affect adult survival curves.
Adults surviving insecticide exposure did not exhibit any detrimental effects on individual life history parameters (Tables 6). Based on the coefficient of reduction (E), chlorantraniliprole was classified as slightly harmful (category 2), whereas emamectin benzoate, spinosad, and spirotetramat were categorized as harmless (category 1) (Tables 6).
Parental exposure to insecticides did not have any significant impact on development time, percentage of preimaginal (larvae to adult) survival, or sex ratio of the offspring (Tables 6). Moreover, the insecticides did not negatively influence the survival curves of larvae (Fig. 1) . Stable population parameters calculated using a life table revealed a different scenario ( Table 7 ) compared with that evinced through analysis of individual life history parameters. Exposure of adult females to chlorantraniliprole residue caused a significant reduction in the net reproductive rate (R 0 ), the intrinsic rate of increase (r m ), and the finite rate of population increase (λ). Spirotetramat was characterized by significantly lower R 0 , r m , and λ values; furthermore, this product caused a significant increase in the doubling time. Emamectin benzoate and spinosad did not affect any estimated demographic parameter. Finally, none of the insecticides significantly affected the GRR or generation time (T) ( Table 7 ).
Discussion
In this study, the overall effect of four modern insecticides (chlorantraniliprole, emamectin benzoate, spinosad, and spirotetramat) on A. bipunctata was investigated by assessing their acute toxicity, persistence of harmful activity, and sub-lethal effects. The results demonstrated adverse effects of the four insecticides at MFRC on A. bipunctata larvae and adults but in different ways.
Our results indicate that chlorantraniliprole is moderately harmful to first and second instar larvae and slightly harmful to adult stage, whereas it did not significantly affect the survival of third instar larvae. After short exposure, adults were more susceptible than third instar larvae and this susceptibility was even more pronounced after long exposure. However, in the field, larvae are more likely to contact residues than adults, since they walk on treated surfaces and do not fly (Dinter et al. 2008 ). Our results are consistent with those obtained by Cabrera et al. (2017) , who reported that chlorantraniliprole was toxic to both Coleomegilla maculata DeGeer (Coleoptera: Coccinellidae) (IOBC class 4) and Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) (IOBC class 3) first instar larvae exposed to insecticide residues for 6 d. Conversely, our findings are in contrast with the results reported by Roubos et al. (2014) , who did not detect any effect on adults of Hippodamia convergens (Guérin-Menéville) (Coleoptera: Coccinellidae) after 72 h of exposure on treated petri dishes.
Chlorantraniliprole caused significant mortality up to 30 DAT, indicating considerable persistence. This long-lasting residual activity could delay recolonization of treated areas by A. bipunctata larvae and adults. Chlorantraniliprole was reported as a short-lived insecticide for H. convergens adults by another study (Roubos et al. 2014) ; however, in that study H. convergens mortality was scored after exposure of adults to treated and aged petri dishes for 72 h. Hence, the results of our study underline the importance of also assessing survival after a prolonged period of exposure (e.g., 7 and 10 d), particularly considering the considerable persistence of the product. The high larval mortality of the control after 10 d of exposure (35.0%) cannot be considered unfavorable, since they are consistent with the findings of previous studies reporting the survival of immature A. bipunctata (Lanzoni et al. 2004 , Dinter et al. 2008 .
With the exception of adult survival after 2 d of insecticide exposure, chlorantraniliprole did not exert any significant effect on the other individual life history parameters of A. bipunctata. Indeed, according to E index values, chlorantraniliprole was ranked slightly toxic, because of the high levels of adult mortality it induced. Moreover, demographic analysis clearly demonstrated that chlorantraniliprole negatively affected stable population parameters. In particular, the dramatic reduction of R 0 with respect to GRR, emphasizes that mortality, and not reproductive disruption, is the principal consequence of exposure to chlorantraniliprole.
Our results indicate that the inclusion of chlorantraniliprole in IPM programs where A. bipunctata represent a key aphid predator should be carefully considered. This conclusion is based on both the lethal and the sub-lethal effects of this pesticide on first and second instar larvae and adults, along with its long-lasting activity.
Emamectin benzoate caused significant mortality to both larvae and adults after exposures of 10 and 7 d, respectively. Nevertheless, IOBC classification based on corrected mortality (<30%) rated this product as harmless for adult insects. Evaluation of the persistence of the harmful activity of emamectin benzoate revealed significant mortality among first and second instar larvae at 1 DAT, with mortality occurring up to 30 DAT, indicating considerable persistence. Lower mortality rates were observed in a previous study conducted using first instar larvae of Coccinella transversalis (F.) (Coleoptera: Coccinellidae) and second instar larvae and adults of Menochilus sexmaculatus (F.) (Coleoptera: Coccinellidae) (Cole et al. 2010) .
Emamectin benzoate did not affect any estimated demographic parameters; this is in agreement with the findings of Cole et al. (2010) , demonstrating no adverse effects of this product on demographic parameters of C. transversalis. Based on these results, emamectin benzoate could be considered a low-risk insecticide for A. bipunctata; however, considering its high persistence it may have negative impacts on early instar larvae of this coccinellid, thus hindering a rapid recolonization after insecticide treatment. Notwithstanding, adults that survived the treatment did not appear to suffer sub-lethal effects after exposure to emamectin benzoate.
Spinosad caused significant mortality of early instar A. bipunctata larvae, and was classified as slightly toxic to first and second instar larvae. Similar findings were obtained by Jalali et al. (2009) Bold denotes the significant (P < 0.05) values. Within each experiment, data followed by different letters are significantly different (P < 0.05, Tukey's HSD test). using A. bipunctata adults and fourth instar larvae. Other studies have reported that this insecticide is slightly, or not, toxic to third instar larvae, but highly toxic to first instar larvae of H. axyridis (Galvan et al. 2005a ,b, Galvan et al. 2006 . In contrast, Cole et al. (2010) did not report detrimental effects of spinosad on first instar C. transversalis larvae. Regarding adult insects, our data are in agreement with those of various studies demonstrating that spinosad was not toxic to H. convergens and H. axyridis (Tillman and Mulrooney 2000, Galvan et al. 2006) . In contrast, Galvan et al. (2005a) demonstrated reduced fertility and a longer development time in H. axyridis exposed to spinosad. In our study, spinosad did not affect any estimated demographic parameters, consistent with the findings of Cole et al. (2010) , who reported no adverse effects of this product on the demographic parameters of C. transversalis. Spirotetramat had no lethal effects on A. bipunctata and can be considered harmless to this species. Similar findings were reported for fourth instar larvae of A. bipunctata and first instar larvae and adults of Cryptolaemus montrouzieri Mulsant (Coleoptera: Coccinellidae) (Planes et al. 2013 , Garzon et al. 2015 . Our findings regarding fertility and fecundity are in accordance with those reported by Garzon et al. (2015) , who did not identify any differences in these parameters among A. bipunctata adults exposed to fresh spirotetramat residues. According to the calculated E index, spirotetramat is classified as harmless, since no significant differences were detected when these biological traits were considered as autonomous endpoints. A similar result, with spirotetramat categorized as harmless, was reported for the larvae and adults of C. montrouzieri exposed through topical treatment and ingestion of treated prey (Planes et al. 2013 ). However, demographic analysis, allowing for complex interactions among life history traits and integrating lethal and sub-lethal effects in the long term, clearly demonstrated that spirotetramat negatively affected stable population parameters; hence, consideration of the E index in isolation would have led to an underestimation of the sub-lethal effects of this product.
Spirotetramat exhibited limited persistence, and can be considered a short-lived insecticide; however, despite its lack of lethal effects and the low persistence of its harmful activity, spirotetramat was characterized by marked sub-lethal effects. These findings confirm the importance of assessing sub-lethal effects in studies focusing on pesticide selectivity. Along with nonchemical methods of pest control, spirotetramat has been suggested as a good candidate for the management of M. persicae exhibiting cross-resistance to neonicotinoids (Slater et al. 2012 ), which has been described in populations from different areas where stone fruits are grown (Slater et al. 2012 , Panini et al. 2014 . Overall, our results indicate that spirotetramat has subtle negative effects on population dynamics, and that its use Fig. 1 . Left: Survival curves of A. bipunctata adults exposed to insecticide residues. Right: Survival curves of the offspring of A. bipunctata females exposed to the insecticide residues. Circles represent censored data. Different letters indicate significant differences (P < 0.05, Log rank test followed by Holm-Sidak multiple comparison method). . Chi-square tests were performed to compare sex ratios; ns, not significantly different with respect to the control (P < 0.05).
a The initial number of A. bipunctata females in each treatment was 15.
b
The initial number of A. bipunctata larvae in each treatment was 60.
should be carefully evaluated where A. bipunctata represents a key aphid predator.
In conclusion our findings have potential for use in improving IPM programs involving A. bipunctata. Overall, in our study, the toxicological profile of spinosad was the best among those products tested. Indeed, spinosad is currently authorized and recommended for organic cropping systems. All the insecticides tested caused some detrimental effects on A. bipunctata, and these varied widely among the different endpoints analyzed. It is particularly remarkable that spirotetramat, which had a low impact on larval and adult mortality, was responsible for alterations in population parameters, exhibiting sub-lethal effects, rather than acute mortality. Most studies on insecticide selectivity are still based mainly on lethal effects, although a growing body of studies are now taking into account both acute mortality and some sub-lethal effects. Notwithstanding, when the different individual life history parameters are considered as independent endpoints, they may not be exhaustive, nor fully describe the detrimental effects of insecticides. Indeed, demographic analysis has proven to be a sensitive method to determine sub-lethal effects of modern insecticides.
Although the protection of coccinellids is a key goal in IPM practice, the assessment of both lethal and sub-lethal effects on other beneficial arthropods, such as aphid parasitoids or predatory bugs, will be necessary to build a comprehensive picture of the compatibility of modern insecticides in IPM. Given that the evaluation of acute toxicity only partly addresses the issue, the inclusion of at least some assessment of sub-lethal impacts should be required in the process of evaluation of new active ingredients by public authorities.
